We investigated the increased risk of Clostridium difficile infection (CDI) caused by the combined use of antibiotics and an immunosuppressive drug in a mouse model. Our data showed that an approximate return to pretreatment conditions of gut microbiota occurred within days after cessation of the antibiotic treatment, whereas the recovery of gut microbiota was delayed with the combined treatment of antibiotics and dexamethasone, leading to an increased severity of CDI. An alteration of gut microbiota is a key player in CDI. Therefore, our data implied that immunosuppressive drugs can increase the risk of CDI through the delayed recovery of altered gut microbiota. Kim et al. J. Microbiol. Biotechnol.
forming bacillus, and is one of the leading causes of healthcare-associated diarrhea. The incidence of C. difficile infection (CDI) has increased dramatically over the past decade, and the majority of CDI cases are attributed to risk factors, such as antibiotics, immunosuppressive drugs, and advanced age, which result in alteration of gut bacterial communities and their functions [9, 10] . Therefore, the essential step toward a better understanding of CDI pathogenesis is to investigate the effects of risk factors in CDI.
It is well known that the intestinal microflora plays important roles in the health and well being of the host. The normal intestinal microflora has a protective mechanism against the incursion of pathogenic bacteria [1, 2] . As such, the gut microflora is a key player in CDI, and disruptions of human gut microflora are closely related with CDI. Therefore, another intriguing question regarding microbial functions in CDI is which microbial groups are active players in protecting the host against CDI, and which are detrimental. This question arose as different antibiotics target different subpopulations of gut microflora, and disruptions of bacterial subpopulations revealed varying magnitudes of CDI risk [16] . The immunosuppressive effects of glucocorticoids, including dexamethasone, are known to increase the severity of CDI [5, 23, 24] . However, it has not been well studied why the immunosuppressive effects of these agents lead to severe CDI. Despite recent progress in the understanding of the complexities involved in microbial community structures and functions, there is a lack of information concerning the modulation of microbial populations in C. difficile-induced host microenvironments affected by antibiotics or immunosuppressive drugs. It would be of importance to study such interactions in a model that would mimic the human reactions to antibiotic and immunosuppressive therapies in conjunction with CDI infection.
To the best of our knowledge, this is the first study to evaluate the effect of immunosuppressive drugs on C. difficile infection in relation to alterations of the gastrointestinal microbiota. We found that treatment of mice with the immunosuppressive drug dexamethasone delayed the recovery of gut bacterial populations altered by antibiotics, resulting in increased severity of disease. The animal protocol was approved by the Tufts University Institutional Animal Care and Use Committee. Animals were cared according to criteria described by Renggaman et al. [18] . Fifteen 6-week-old C57BL/c mice purchased from Jackson Laboratory (MA, USA) were randomly separated into three groups with five mice in each group: a control group (G1: no antibiotics), an antibiotics-only group (G2: antibiotics + clindamycin), and antibiotics with dexamethasone mixture group (G3: antibiotics + clindamycin + dexamethasone). The epidemic strain C. difficile UK6 isolated in the United Kingdom was kindly provided by Dale Gerding and Abraham L. Sonenshein [11] . Sporulation of the C. difficile UK6 was induced as previously described [17, 21, 25] . Briefly, 20 ml of a C. difficile UK6 overnight culture in Columbia Broth was inoculated to 500 ml of Clospore medium, and incubated for 2 weeks at 37°C in an anaerobic incubator. After 2 weeks of incubation, the spore suspension was centrifuged at 1,000 ×g for 10 min. Then, the pellet was washed five times with sterile water and resuspended in 10 ml of ddH 2 O. In order to kill vegetative cells, the spore suspension was heated at 60°C for 20 min. The spore concentration was measured by 10× serial dilution on TCCFA plates [17, 21, 25] . The control group was treated with neither antibiotic solution nor dexamethasone before the spore inoculation with 1 × 10 6 spores of C. difficile UK6. For the antibiotics-only group, the antibiotic cocktail (kanamycin, gentamicin, colistin, metronidazole, and vancomycin) and clindamycin were used as previously described [4, 22] . Then the mice were challenged orally with 1 × 10 6 spores of C. difficile UK6. Mice in the antibiotics with dexamethasone mixture treatment group received dexamethasone in the drinking water (100 mg/l) along with the same treatment as in the antibiotics-only group. Then the mice were challenged with 1 × 10 6 spores of C. difficile UK6. The weight of mice and progression of the disease were monitored after the C. difficile challenge. Whereas all mice treated with either the antibiotics only (G2) or the antibiotics with dexamethasone mixture (G3) developed diarrhea (Fig. 1B) , the mortality rate of the antibiotics-only group was lower than that of the antibiotics with dexamethasone mixture group (Fig. 1A) . All mice in the antibiotics with dexamethasone mixture treatment group (G3) followed by a challenge with 1 × 10 6 spores of C. difficile UK6 became moribund after 1 day post inoculation (DPI). On the other hand, 40% of the mice in the antibiotics-only group (G2) survived until the end of the experiment, and all mice in the control group (G1) also survived (Fig. 1A) . The mean relative weight of the mice declined sharply within 2-3 DPI. However, survived mice began to gain weight by 3-4 DPI, and returned to their normal weight by 6 DPI (Fig. 1C ). Overall, our data indicate that the immunosuppressive drug dexamethasone increased the severity of CDI (Fig. 1) .
For the fecal microbiome analysis, the fecal samples of mice in different groups were collected before the antibiotic treatment, after the antibiotic treatment, and before the UK6 challenge.
DNA extraction and barcoded library preparation from the mice in each group were conducted as previously described with one modification [14, 26] . The modification was to use the universal primer set 27F and 338R to amplify the V1-V2 hypervariable regions of the 16S rRNA genes. The pooled barcoded libraries were sequenced in a HiSeq2000 Illumina sequencer at the Tufts Genomics Core Facility (Tufts University, Boston, USA). Quality control analysis was conducted as previously described to obtain only high-quality sequences for the analysis [12, 13] . In order to identify chimeras, UCHIME was used. Phylogenetic assessments were performed using the RDP classifier implemented in QIIME with a bootstrap cutoff of 80%, and diversity indices were calculated with an operational taxonomic unit definition at an identify cutoff of 97% [3, 8] .
The average numbers of sequence reads generated per group were 144,649 after the quality control implemented in this study. The composition of the fecal microbiome altered by antibiotics (G2) or antibiotics with dexamethasone treatment (G3) was shown at the genus level (Fig. 2) . Perturbation of gut microbial bacteria belonging to the Phylogenetic assessments were performed using the RDP classifier implemented in QIIME with a bootstrap cutoff of 80%. Phylum, class, order, family, and genus are presented in each legend. "Other" represents the unclassified taxon at each level of classification. The antibiotics treatments were continued for 5 days between 44 and 48 days of age. G1: No antibiotics. G2: Clindamycin+antibiotics. G3: Clindamycin + antibiotics + dexamethasone.
genus Lactobacillus and Parabacteroides was prominent. Gram-positive lactobaccilli are members of the lactic acid bacteria, and are considered to be beneficial for the hosts [19] . Therefore, it will be of importance to evaluate how reduction of the Lactobacillus population in the gut affects the pathogenesis of CDI. Interestingly, antibiotics (G2) or combined treatments of antibiotics and dexamethasone (G3) markedly decreased the concentrations of Lactobacillus (Fig. 2) . Meanwhile, proportions of bacterial members belonging to Parabacteroides increased concurrently with the reduction of Lactobacillus after antibiotics (G2) or combined treatments of antibiotics and dexamethasone (G3) (Fig. 2) . Parabacteroides has been isolated from hospitalized patients with Crohn's disease and those with organ transplantation [6] . However, information about the pathogenesis of Parabacteroides in patients is still lacking. An approximate return to pretreatment conditions also occurred in this study within days after cessation of treatments, as described by others using different antibiotics [7, 15] . The proportion of Lactobacillus increased while those of Parabacteroides decreased days after cessation of the treatments (Fig. 2) .
Diversity indices were used to calculate the diversity of the microbial communities [20] . These values decreased concurrently with the antibiotics or combined treatments of antibiotics and dexamethasone ( Table 1) . Patterns of gut bacterial alterations between antibiotics-only (G2) and antibiotics with dexamethasone treatment (G3) groups were similar to each other; however, combined treatments of antibiotics and dexamethasone (G3) delayed the recovery of gut bacterial populations compared with antibioticsonly treatment (G2). The diversity indices increased to approximate pretreatment conditions within days after cessation of the treatment; however, it was faster in the antibiotics-only group (G2) than the combined treatment group with antibiotics and dexamethasone (G3) ( Table 1) . Therefore, we speculated that the immunosuppressive drug dexamethasone delayed the recovery of gut bacterial populations altered by antibiotics, resulting in increased severity of disease. Effects of immunosuppressive drugs, including dexamethasone, should be investigated further to elucidate their potential roles in the pathogenesis of CDI.
This study was designed to evaluate if treatment with the immunosuppressive drug dexamethasone alters gut bacterial populations resulting in symptomatic CDI or increased severity of disease. In summary, an analysis of the mouse gut microbiome showed that it had shifted after antibiotics or combined treatment with antibiotics and dexamethasone. Moreover, our data suggested that the dexamethasone treatment delayed the recovery of gut bacterial populations altered by antibiotics, resulting in increased severity of disease.
The sequences used in this paper are publicly available at Galaxy, https://usegalaxy.org/u/kim-et-al/h/unnamedhistory-1. 
